Consistent with the embodied view of cognition, several studies have shown a link between action and the processing of action verbs. However, it is largely unknown how action properties can influence semantic activation during word processing. On the basis of the observation of point-light display (PLDs), the present study addressed this issue. Through four experiments, we assessed whether kinematics and orientation, which are two crucial characteristics of human action, can influence the link between action and language. Participants performed a semantic decision task involving action and nonaction verbs after seeing a PLD representing either a biological or a nonbiological human movement, the kinematics (Experiments 1 and 2) or orientation (Experiment 3) of which was modified. Experiment 1 showed that important modifications to the kinematics of actions have a direct influence on the link between action and language. Experiment 2 confirmed this effect and showed that the effect is somatotopic because only modifications to the relevant part of actions affected the link between action and language. In contrast, Experiment 3 showed that modifying the orientation did not disturb the influence of an action on language probably due to the use of a mental rotation strategy. Experiment 4 confirmed this view by demonstrating the use of mental rotation when participants have to recognize rotated point-light actions. These outcomes shed light on how action properties can influence action verbs processing, a crucial step to better understanding the link between action and language.
In the field of embodied cognition (Barsalou, 1999) , a growing number of studies suggest that there is crosstalk between language processes and sensorimotor processes. However, despite the large number of studies devoted to this subject, many questions remain unsolved, such as how action is able to influence language processes and, more specifically, what properties of an action are crucial to enable this link between action and language. The aim of this article is to answer these questions by focusing on two crucial parameters characterizing human movement: kinematics and orientation.
Since the late 1990s, a large number of experiments have clearly demonstrated a link between action and language. At a behavioral level, for example, it was shown that the production of movement was modified when participants simultaneously performed a lexical-decision task implying action verbs (Boulenger et al., 2006) . It has been suggested that this action-language relationship can be explained by the intervention of the sensorimotor system during language comprehension and production (see Fischer & Zwaan, 2008; Jirak, Menz, Buccino, Borghi, & Binkofski, 2010 ; for reviews). Indeed, brain imaging studies demonstrated the intervention of motor areas during language processing, using functional MRI (Aziz-Zadeh & Damasio, 2008; Aziz-Zadeh, Wilson, Rizzolatti, & Iacoboni, 2006; Hauk, Johnsrude, & Pulvermüller, 2004) , magnetoencephalography (Klepp et al., 2014) , electroencephalography (Mollo, Pulvermüller, & Hauk, 2016) , and trans-cranial magnetic stimulation (Kuipers, van Koningsbruggen, & Thierry, 2013) . In the latter, repetitive stimulation of motor cortices impaired the semantic integration of action verbs (Kuipers et al., 2013) . Interestingly, the involvement of the motor system during language processing is somatotopic (Hauk et al., 2004; Tettamanti et al., 2005) . For example, Hauk and collaborators (2004) compared the brain activity of participants performing movements or reading action verbs related to the hand ("to pick"), feet ("to kick") or face ("to lick"), and brain activity was found to overlap between the passive reading of action verbs related to a specific body part and the actual movement of the body part. Recent behavioral (Bidet-Ildei, Meugnot, Beauprez, Gimenes, & Toussaint, 2017) and patient studies (Roberts et al., 2017) confirmed this somatotopic effect. Bidet-Ildei and her colleagues (2017) showed that short-term sensorimotor deprivation perturbed specifically the processing of action verbs related to the immobilized limb. In the same way, Roberts et al. (2017) demonstrated that parkinsonian patients with greater upper limb motor impairments responded more slowly to hand verbs than to foot verbs.
Recently, researchers focused on the factors that could influence this action-language relationship. More particularly, they investigated the role of the semantic context provided by language to determine whether the activation induced by language is relevant to and necessary for action language processing or whether it is simply an epiphenomenon. In their study, Zwaan and Taylor (2006) demonstrated that comprehending sentences about manual rotation produced an effect on actual motor responses. This result was interpreted by the authors as evidence of motor resonance involvement. Moreover, they showed that this motor resonance could be modulated by sentence comprehension. That is, manual responses were faster when the rotation performed was in the same direction as the rotation described in the sentence. In another study (Taylor & Zwaan, 2008) , the same authors used adverbs in sentences to shift or maintain participants' attention in relation to the action. When attention was not focused on the action itself, no facilitation effect on compatible motor responses was found. This difference between the two conditions suggests that motor resonance evoked by action word processing is dependent on attentional focus. Similarly, a decrease in the strength of the actionlanguage relationship has also been noted when the semantic context involved focusing attention on the mental state of the agent rather than the action itself (Aravena et al., 2014) or when the action was in a negative form instead of a positive form (Aravena et al., 2012) . Along the same lines, van Dam, van Dijk Bekkering, and Rueschemeyer (2012) investigated the effect of focusing on the visual properties instead of the action properties of an object in an fMRI study. They found that the motor activation related to language was context-dependent. These studies provided evidence that motor structure recruitment relies on specific conditions such as the context of the sentence.
Overall, these studies showed that there are common mechanisms between action and language processing but that the presence of an action word is not in itself sufficient to trigger motor resonance. However, these studies focused on the parameters of the sentence that could modulate the action-language relationship and, until now, no study has considered the role of action properties in this link. Thus, the aim of this article is to assess this question and, more particularly, to understand whether semantic activation during action word processing can be modified by the properties of an action.
In the literature concerning the effect of action on language processing, there is one important limitation explaining why this question has still not been specifically considered: the majority of studies have focused on action execution. The use of an action execution paradigm hinders the possibility to assess specifically the central processes implied in the action-language relationship because it does not allow differentiation between the influence of central processes and the influence of peripheral processes. However, it is known that peripheral processes can play a role in the action-language relationship. For example, it has been demonstrated that language can produce modification at a peripheral level. In a study by Frak and his colleagues (2010) , the participants showed increased grip force when listening to manual action verbs compared with nouns. In the same vein, Aravena and her colleagues (2012) found an enhancement in grip force when their participants listened to affirmative sentences containing handaction verbs, confirming that peripheral processes (such as the execution of a gesture) can be modulated by language processes.
A possible way to avoid the confounding effects of peripheral and central processes is to use action simulation (asking people to imagine themselves or others performing an action) or action observation since, in both cases, no actual movement is required. Several studies have shown that action observation and action simulation, similar to action production, are strongly related to action verb processing. For instance, it has been demonstrated that processing action verbs increases the capacity to recognize pointlight actions embedded in a mask composed of moving dots (Bidet-Ildei, Gimenes, Toussaint, Almecija, & Badets, 2016; Bidet-Ildei, Sparrow, & Coello, 2011) and, furthermore, increases the capacity to anticipate the end of a perceived action (Springer & Prinz, 2010) . Reciprocally, some studies have shown that action observation can modulate language processing (Beauprez & BidetIldei, 2017; Liepelt, Dolk, & Prinz, 2012) . For example, Liepelt and his colleagues (2012) showed that participants were faster to produce a word ("close" or "open") when observing beforehand the congruent action (a closed hand or an open hand respectively).
Using action observation presents a second major advantage in that it offers the ability to modify the movement. The perfect example is the technique of point-light displays (PLDs; Johansson, 1973) . In this technique, movements are represented only by points of light located on the main articulations of the body. Despite the poverty of this kind of stimuli, the capacity to detect biological motion in a PLD is particularly robust. Even when the PLDs are embedded among many moving dots, people are still able to detect these actions easily (Bertenthal & Pinto, 1994) . By manipulating the dots of the PLDs, it is possible to modify the movement as one pleases. Several aspects of biological movement have been explored through this methodology. In particular, studies have investigated the consequences of spatial and/or temporal modifications, focusing on the effect of such modifications on the perception of biological movement (e.g., Bidet-Ildei, Kitromilides, Orliaguet, Pavlova, & Gentaz, 2014; Hirai, Senju, Fukushima, & Hiraki, 2005; Pavlova & Sokolov, 2000; Sumi, 1984) . Globally, these studies demonstrated that perceiving biological motion is dependent on specific spatial and temporal properties. However, these studies focused on how the modification of the biological movement affects the judgment of biological movement, and, thus This document is copyrighted by the American Psychological Association or one of its allied publishers.
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ACTION CHARACTERISTICS AFFECTS LANGUAGE PROCESSING far, there has been no research considering whether these modifications can also affect higher order cognitive processing such as language. Recently, using this PLD technique, we have shown that perceiving biological motion affects the subsequent processing of action verbs by shortening the time required to perform a semantic decision task implying congruent action verbs (Beauprez & BidetIldei, 2017) . In the present studies, we aim to assess whether this effect would still be present when distortions were introduced into PLDs, with the goal of understanding how action properties influence subsequent processing of action verbs. We proposed to explore the role of kinematics and orientation which are two important parameters characterizing biological movements (e.g., Pavlova & Sokolov, 2000; Runeson & Frykholm, 1981) . The main hypothesis behind was that if kinematics or orientation of a movement is crucial to evoke the link between action and language, then modification of the parameter will eliminate or at least disturb the influence of observing this action on language. Therefore, contrary to our previous study , no facilitation effect should be found for congruent action verbs, that is, the response times for congruent and incongruent verbs should be similar. By contrast, if the parameter does not play a role in the action-language relationship, then its modification will have no effect, and the results of watching the modified movement should be similar results to the results of observing a biological motion. In this case, a facilitation effect on the time to process congruent action verbs should still be found, that is, the response times for congruent verbs should be shorter than those for incongruent verbs.
Experiment 1: Role of Action Kinematics in the Processing of Action Verbs
A great number of studies have shown that kinematics is a very important parameter of human movements (see Blake & Shiffrar, 2007) for a review. Through kinematics, humans are able to recognize and distinguish many action characteristics. For example, through kinematics alone, people are able to determine whether an action is directed toward the left or the right side (Davila, Schouten, & Verfaillie, 2014) . They can also detect characteristics such as the sex , identity (Beardsworth & Buckner, 1981; Loula, Prasad, Harber, & Shiffrar, 2005) , emotional state (Atkinson, Dittrich, Gemmell, & Young, 2004; Chouchourelou, Matsuka, Harber, & Shiffrar, 2006; Clarke, Bradshaw, Field, Hampson, & Rose, 2005) and intention (Martel, Bidet-Ildei, & Coello, 2011; Orliaguet, Kandel, & Boë, 1997) of the actor and even determine some characteristics of the objects with which the actor interacts, such as their weight (Runeson & Frykholm, 1981) . Moreover, modifying the kinematics of motion disturbs the recognition of a movement (Bidet-Ildei, Méary, & Orliaguet, 2006; Pavlova, Krägeloh-Mann, Birbaumer, & Sokolov, 2002) and underlies some visual illusions (Viviani & Stucchi, 1989) . Kinematics modifications also have a direct consequence for the capacity to anticipate action (Martel et al., 2011; Pozzo, Papaxanthis, Petit, Schweighofer, & Stucchi, 2006) and can modify the activation of the motor system during action observation (Bouquet, Gaurier, Shipley, Toussaint, & Blandin, 2007) . Moreover, this sensitivity to kinematics appears early in development. Indeed, 5-month-old children discriminate between a point-light walker whose local rigidity is maintained from one whose local rigidity is modified (Bertenthal, Proffitt, & Kramer, 1987) , and even from the age of three days, neonates can distinguish biological motions from motions with nonbiological kinematics (Méary, Kitromilides, Mazens, Graff, & Gentaz, 2007) .
Considering these results, it appears that kinematics is a very important characteristic for action observation. Recently, it has been shown that kinematics is also able to affect higher-order cognitive processing such as abstract conceptual thought (Badets, Bidet-Ildei, & Pesenti, 2015) . In the aforementioned study, Badets and his colleagues have shown that pointing movements with biological kinematics induced space-number bias (Dehaene, 1992) in a random-number generation task whereas this effect disappeared when pointing movements had nonbiological kinematics.
Thus, the present experiment examined whether kinematics, a crucial characteristic of human action, can affect the link between action and language. Participants performed an action verb processing task after the presentation of point-light sequences representing human movements with biological or nonbiological kinematics. We hypothesized that nonbiological kinematics should disrupt the usual link relating action observation and action verbs processing. Specifically, point-light actions with nonbiological kinematics should be ineffective, or at least less effective, than actions with biological kinetics, at improving subsequent response times to judge congruent action verbs.
Method

Participants
The a priori calculation of our sample size was made with G ‫ء‬ Power software (Faul, Erdfelder, Lang, & Buchner, 2007) . The calculation was based on a repeated-measures analysis of variance (ANOVA) design from the results obtained in a previous work , Cohen's d ϭ 1.12, correlations between repeated measures ϭ 0.5). Statistical significance was set at p Ͻ .05 and the power at 0.90. The results indicated that 10 participants would be sufficient to provide an estimated power of 0.90. However, our previous work included only one comparison, whereas three comparisons were included in the present study. Therefore, we decided to include 30 participants in this first study. Thus, 30 French-speaking university students (16 male, 27 righthanded) aged 18 to 28 years (M ϭ 19, SD ϭ 2.44 years) participated in this experiment. They were recruited in exchange for course credit. All participants had normal or corrected-to-normal vision and had no history of motor, perceptual or neurological disorders. Moreover, all participants provided written informed consent prior to their inclusion in the experiment. They were also naïve to the purpose of the study.
Apparatus
The participants sat on a chair in front of a table in a dimly lit room. A computer screen (spatial resolution of 1,280 pixels ϫ 800 pixels and temporal resolution of 60 Hz) was on the table. A response box was placed on the table between the participants and the computer screen so that the participants could easily provide This document is copyrighted by the American Psychological Association or one of its allied publishers.
their responses by pressing the button associated with the answer "yes" or "no."
Primes and Stimuli
Primes: PLDs. The videos used as primes were PLDs (Johansson, 1973) . These videos were recorded using a motion capture system consisting of multiple optoelectronic cameras (Vicon motion system; see http://www.vicon.com for further information). We recorded and used 15 different human actions: applauding, climbing (a ladder), falling, getting off (a ladder), jumping, moving back, pedaling, picking up, pushing, putting down, running, scratching, sweeping, turning, and walking. The video included 13 points of light located on the main body joints (shoulders, elbows, wrists, hips, knees and ankles) and the head. From these 15 human actions, we created three types of PLD:
Biological movement corresponds to a recorded PLD with no modification, that is, a natural movement of a human being.
Constant kinematics corresponds to a modification of the biological PLD so that the velocity of the different points maintains a constant norm throughout the movement.
Inverted kinematics corresponds to a modification of the biological PLD so that the norm velocity of the different points is inverted with respect to the mean norm original velocity (see Figure 1 for an illustration of these modifications).
These modifications affect the velocity of the different dots while maintaining the original path of the dots and the original movement duration. They were made using PLAViMoP, a new software program allowing the visualization and modification of PLDs (PLAViMoP is under development and will be available online in the near future; see http://plavimop.prd.fr for more details on this platform).
Stimuli: Verbs. Thirty verbs were used. Half of them were action verbs, that is, verbs describing a movement of the body (e.g., to jump, to walk), whereas the other half were nonaction verbs (e.g., to think, to want). These nonaction verbs were not analyzed. They were included only to develop a task for participants (see the Appendix for the entire list of verbs). All verbs were presented in French in the infinitive form.
The action verbs could be congruent or incongruent with the PLD presented as a prime. An example of a congruent trial is seeing the PLD of the walking movement before reading the word "to walk," whereas an example of incongruent trial is seeing the PLD of the walking movement before reading the word "to jump."
Procedure
Each trial used the following procedure: first, a fixation cross appeared (500 ms); then, the prime PLD (2,500 ms on average) appeared; and finally, following another fixation cross (500 ms), the stimulus (a verb) appeared. The stimulus stayed on the screen until the participant entered a response. The task of the participant was to judge, as quickly and accurately as possible, whether the word that was presented was an action verb. The "yes" answer was consistently entered by the participant's dominant hand, whereas the "no" answer was entered by the other hand.
The experimental session was divided into three blocks, and breaks were permitted between blocks. The first block was either the constant or the inverted condition (half of the participants began with the constant condition, and the other half with the inverted condition), and then the second block was the other Figure 1 . Mean norm of the velocity for the biological, constant and inverted "move back" point-light displays (PLDs) from the beginning (0 ms) to the end of the movement (3.5 ms). See the online article for the color version of this figure. This document is copyrighted by the American Psychological Association or one of its allied publishers.
modified condition. The biological condition was always presented at the end so that seeing the biological movement would not influence recognition of the modified PLDs. In all blocks, the presentation order of the trials was randomized across participants. After the participants completed the experimental task, a short questionnaire was administered to them. The aim of this questionnaire was to verify whether each action in the primes had been recognized by the participants. Each PLD was presented to the participants, who were asked to provide one (or several) verb corresponding, according to them, to the action of the prime. The PLD obtained a score of 1 when the answer provided by the participant corresponded to the action, that is, when the participants gave the exact verb of the action or a semantically close verb (e.g., "to hop" instead of "to jump"). The PLD obtained a score of 0 when the answer provided by the participant differed semantically from the one expected (e.g., "to dance" instead of "to scratch"). Then, a percentage of the recognition rate was calculated.
Data Analysis
Response time and accuracy were recorded. Significant differences were examined by ANOVA, with congruency (Congruent Action ϫ Incongruent Action) and condition (Biological ϫ Constant ϫ Inverted) as within-subject factors, and partial eta-squared values were used to report effect sizes. Paired comparisons were performed using the Newman-Keuls procedure. The significance level was fixed at p Ͻ .05.
Results
Experimental Task
Given the high accuracy rate for each type of stimulus and prime (Ͼ98%), we analyzed only the response times. We kept only response times for correct answers. The analyses showed that response times (see Figure 2) ϭ 0.13. The Newman-Keuls post hoc analyses revealed that in the biological condition, response times for congruent action verbs were shorter than those for incongruent action verbs (569 ms vs. 618 ms, p Ͻ .001). Similarly, in the constant condition, response times for congruent action verbs were shorter than those for incongruent action verbs (617 ms vs. 655 ms, p Ͻ .001); however, in the inverted condition, response times for congruent and incongruent action verbs were not significantly different (626 ms vs. 647 ms, p ϭ .11).
In summary, there was a facilitation effect (shorter response times for congruent action verbs than for incongruent action verbs) in the biological and constant conditions but not in the inverted condition. Student's t test revealed that this facilitation effect was significantly stronger (p ϭ .03) in the biological condition (56 ms) than in the inverted condition (16 ms). The effect in the constant condition was intermediate (42 ms) because it was not different from either the biological condition (p ϭ .19) or the inverted condition (p ϭ .07).
Recognition Questionnaire
The results of the questionnaire on recognition of the PLDs showed a difference according to the type of PLD, F(2, 58) ϭ 0.05; p Ͻ .001. Biological PLDs were better recognized (96%) than the constant or inverted PLDs (p Ͻ .001 each). However, the recognition rates were similar between the constant (90%) and inverted (88%) PLDs (p ϭ .07).
Discussion
The aims of this first study were as follows: (1) to replicate our previous results, that is, demonstrate a facilitation effect for action This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
verb processing following the visual presentation of a congruent action , and (2) to assess whether the kinematics of actions can modulate this effect and therefore the action-language relationship. To do so, we compared priming effects obtained in action verb processing when the action presented as a prime had biological, constant or inverted kinematics. Our results confirmed that perceiving a biological action facilitates the subsequent processing of a congruent action verb . Participants were indeed faster to answer when the action of the prime and the action of the verbs were congruent. Moreover, we demonstrated that this facilitation was dependent on the kinematics of the action presented as prime. Indeed, this facilitation effect was found in the constant condition, but disappeared in the inverted condition.
Thus, it appears that the influence of action observation on language processing is dependent on the kinematics of the action observed. Biological kinematics optimizes the link between action observation and action verb processing and this link decreases or disappears when the perceived kinematics modify the biological characteristics of the movement. This finding confirms the role of biological kinematics in higher-order cognitive processing (Badets et al., 2015) and demonstrates for the first time its implication in the link between action observation and language. Interestingly, it seems that the degree of change in kinematics can influence the action-language relationship. Indeed, whereas the facilitation effect disappeared in the inverted condition (large change in velocity), it merely decreased in the constant condition (small change in velocity).
One explanation could be that the difference between the constant and inverted conditions is related to explicit recognition of the action. However, the analysis of the questionnaire did not confirm this view because there was no difference between the recognition rates of constant and inverted point-light actions. Moreover, through discussion with the participants after the experiment, we realized that most of them did not even notice that there were differences between the point-light displays presented in the biological, constant and inverted conditions, suggesting that the effect obtained relies on implicit mechanisms. One alternative possibility could be that human action perception is robust against small changes in kinematics. Previous results have supported this possibility by showing that visual preference judgment of handwriting movements was affected only when the kinematics of handwriting had undergone major modification (Bidet-Ildei, Kitromilides-Salerio, Orliaguet, & Badets, 2011) .
Experiment 2: Action Kinematics and Somatotopy
The results of Experiment 1 demonstrated for the first time that the kinematics of an action is a property of the action that influences the effects of embodied language processing. Following this, one can ask whether the disappearance of the facilitation effect could be related to somatotopy. Indeed, we know that the involvement of the motor system during language processing is somatotopic (Hauk et al., 2004; Tettamanti et al., 2005) . Therefore, we could expect that it is specifically the modification of the kinematics of the effector involved in the verb that causes the results obtained in Experiment 1. However, the PLD we used does not allow us to answer this question since the kinematics of all points of the PLD were modified. Thus, we designed a second experiment with a similar procedure. The first aim of this study was to replicate the results of Experiment 1 by showing that modifying the kinematics of an action leads to the disappearance of the facilitation effect. The second aim of this study was to determine whether the absence of an action-language relationship is specifically linked to the modification of the specific effector involved in the verb. If the effect of the kinematics obtained in Experiment 1 is somatotopic, we hypothesized that modification of the kinematics of all articulations (inverted PLD) or modification of the kinematics of articulations related to a relevant part of an action (PLD with inverted kinematics of only the main effector) should not improve subsequent RTs in judging congruent action verbs. In contrast, if the kinematics of the main effector are conserved (biological PLD or PLD with a modification of another effector), then the action-language relationship should be observed.
Method Participants
The same number of participants was recruited as that in Experiment 1; thus, 30 new French-speaking university students (19 male, 25 right-handed) aged 18 to 28 years (M ϭ 20, SD ϭ 2.73 years) participated in this second experiment. The participants were recruited in exchange for course credit. All participants had normal or corrected-to-normal vision and had no history of motor, perceptual or neurological disorders. Moreover, all participants provided written informed consent prior to their inclusion in the experiment. The participants were also naïve to the purpose of the study.
Primes, Stimuli, and Procedure
We used 10 different human actions from Experiment 1. Five were actions involving the upper part of the body (applauding, picking up an object, pushing, putting down an object and scratching), and the other five were actions involving the lower part of the body (jumping, moving back, pedaling, running and walking). From these 10 actions, we created four types of PLD by using PLAViMoP:
Biological movement, as in Experiment 1, corresponded to recorded PLD with no modifications, that is, a natural movement of a human being.
Total inverted kinematics, as in Experiment 1, corresponded to a modification of the biological PLD so that the normal velocity of all points was inverted with respect to the mean normal original velocity.
Inverted kinematics on the relevant effector: inverted kinematics modifications were applied but only on the six points of light representing the articulations mainly involved in the action. For the upper limb actions, the inverted modification was applied to the wrists, elbows and shoulders. For the lower limb actions, the inverted modification was applied to the ankles, knees and hips.
Inverted kinematics on an irrelevant effector: inverted kinematics modifications were applied but only on the six points This document is copyrighted by the American Psychological Association or one of its allied publishers.
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of light of the articulations that were not mainly involved in the action. For the upper limb actions, the inverted modification was applied to the ankles, knees and hips. For the lower limb actions, the inverted modification was applied to the wrists, elbows and shoulders (see Table 1 for a summary of the modifications).
Stimuli and Procedure
As in Experiment 1, the stimuli were action verbs or nonaction verbs. There were 10 action verbs corresponding to the action of the prime (e.g., to jump, to put down an object) and 10 nonaction verbs (e.g., to need, to have) that were only included to develop a task for the participants. All verbs were presented in French in the infinitive form.
The procedure was exactly the same as that of Experiment 1, except that it contained four blocks instead of three. The first three blocks were the total inverted condition, the relevant effector inverted condition and the irrelevant effector inverted condition. The order of the blocks was randomized across participants. However, the biological condition was always presented at the end so that seeing the biological movement would not influence the recognition of the modified PLD. After the participants completed the experimental task, the same short recognition questionnaire used in Experiment 1 was administered to the participants.
Data Analysis
Response time and accuracy were recorded. Significant differences were examined by ANOVA, with congruency (Congruent Action ϫ Incongruent Action) and condition (Biological ϫ Inverted ϫ Relevant Effector Inverted ϫ Irrelevant Effector Inverted) as within-subject factors, and the partial eta-squared values were used to report effect sizes. Paired comparisons were performed using the Newman-Keuls procedure. The significance level was fixed at p Ͻ .05. In this analysis only response times for correct answers were conserved.
Results
Experimental Task
The analyses showed that the response times (see Figure 3 ) varied according to condition, F(3, 87) ϭ 4.16; p ϭ .008; p 2 ϭ 0.13, and congruency, F(1, 29) ϭ 14.87; p Ͻ .001; p 2 ϭ 0.34. Moreover, there was a significant interaction between condition This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
and congruency, F(3, 87) ϭ 3.72; p ϭ .01; p 2 ϭ 0.11. The Newman-Keuls post hoc analyses revealed that in the biological condition, the response times for congruent action verbs were shorter than those for incongruent action verbs (605 ms vs. 657 ms, respectively, p ϭ .003). Similarly, in the irrelevant effector inverted condition, the response times for congruent action verbs were shorter than those for incongruent action verbs (630 ms vs. 695 ms, respectively, p Ͻ .001). However, the response times for congruent and those for incongruent action verbs were not significantly different in the inverted condition (671 ms vs. 684 ms, respectively, p ϭ .38) or in the relevant effector inverted condition (693 ms vs. 697 ms, p ϭ .96).
Recognition Questionnaire
The results of the recognition questionnaire regarding the PLDs showed a difference according to the types of PLD, F(3, 87) ϭ 5.13; p ϭ .003. The biological PLDs were better recognized (96%) than the modified PLD (p Ͻ .05 each). However, the recognition rates were similar when modifications were made to all points (90%), when the modification was to the main effector only (91%) and when the modification was to another effector (93%, p Ͼ .07 each).
Discussion
The first aim of this second study was to replicate the results of Experiment 1, that is, to demonstrate that the facilitation effect observed for congruent action verbs when they appeared after point-light biological movement disappears when the perceived movement presents important kinematic modifications. The results obtained in Experiment 2 confirmed this finding by demonstrating once more that the participants were quicker to respond to congruent action verbs in the biological condition, but this facilitation effect was not found when observing PLD with inverted kinematics. The second aim of Experiment 2 was to identify whether this effect is somatotopic. Namely, we wanted to determine whether it is specifically the main effector involved in the action that determines the influence of action observation on action verb processing. Interestingly, the results of Experiment 2 showed that there was no influence of action perception on language processing when the modification to the kinematics was applied to the main effector. On the contrary when the relevant effector is intact, namely when the kinematic modification was applied to a part of the body that was not relevant for the action, the facilitation effect was still observed. These results were in agreement with the idea that the involvement of sensorimotor processing during language processing is somatotopic (Hauk et al., 2004; Tettamanti et al., 2005) and showed for the first time that the link between action and language is specifically based on kinematic information mainly related to the body part involved in an action.
Experiment 3: Role of Action Orientation in the Processing of Action Verbs
The second parameter we chose to study was orientation. Previous works have shown that the visual perception of human movement is vulnerable to orientation modifications. Shiffrar and his colleagues (1997) showed that only point-light walkers with a canonical orientation (normal orientation) were recognized, whereas walkers with a 90°or 180°rotation were not. In the same vein, Pavlova and Sokolov (2000) used rotation of PLDs to study how orientation affects the perception of biological motion, and they showed that the recognition of these displays was impeded by noncanonical orientation, even when participants had been previously familiarized with the rotated PLDs (recognition rate below 40% for the 90°walker and close to 0% for the 180°walker).
Interestingly, this orientation sensibility is also found in children. From birth, newborn babies show a preference for PLDs presented in a canonical orientation (Bardi, Regolin, & Simion, 2014; Simion, Regolin, & Bulf, 2008) . Moreover, several animal species also show a preference for biological orientation (Blake, 1993; Oram & Perrett, 1994; Parron, Deruelle, & Fagot, 2007; Schluessel, Kortekamp, Cortes, Klein, & Bleckmann, 2015) suggesting that this sensitivity is genetically programmed.
Together, these studies seem to indicate that orientation is a determinant of biological motion perception. Thus, it might be hypothesized that modifying of the orientation of a PLD would disrupt the action-language relationship.
Method Participants
Thirty French-speaking university students (21 male, 25 righthanded) aged 18 to 24 years (M ϭ 20, SD ϭ 1.76 years) participated in this experiment. They were recruited in exchange for course credit. All participants had normal or corrected-to-normal vision and had no history of motor, perceptual or neurological disorders. Moreover, all participants provided written informed consent prior to their inclusion in the experiment. They were also naïve to the purpose of the study.
Apparatus, Stimuli, Primes, and Procedure
The experiment had exactly the same design as Experiment 1 and 2 (the kinematics studies). The only difference concerned the PLDs used as primes. We used the same actions, but the modification applied to these PLDs concerned orientation instead of kinematics. Thus, there were three types of PLD (see Figure 4 for an illustration of the modification):
Biological movement corresponds to a recorded PLD with no modification, that is, a natural movement of a human being in a canonical orientation.
Minor rotation (90°) corresponds to a 90°clockwise rotation biological PLD.
Major rotation (180°) corresponds to a 180°clockwise rotation of the biological PLD.
These modifications were also made using PLAViMoP. They affected only the orientation and did not modify the kinematic parameters. This document is copyrighted by the American Psychological Association or one of its allied publishers.
ACTION CHARACTERISTICS AFFECTS LANGUAGE PROCESSING
Data Analysis
Response times and accuracy were recorded. Significant differences were examined by ANOVA, with congruency (Congruent Action ϫ Incongruent Action) and condition (Biological ϫ 90°ϫ 180°) as within-subject factors, and partial eta-squared values were used to report effect sizes. Paired comparisons were performed using the Newman-Keuls procedure. The significance level was fixed at p Ͻ .05.
Results
Experimental Task
Again, a high accuracy rate was obtained for each type of stimulus and prime (Ͼ97%); thus only the response times for correct answers were analyzed. The analyses showed that response times (see Figure 5 ) varied according to condition, F(2, 58) ϭ 4.24; p ϭ .02; p 2 ϭ 0.13, and to congruency, F(1, 29) ϭ 41.99; This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
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BEAUPREZ AND BIDET-ILDEI p Ͻ .001; p 2 ϭ 0.59. However, no significant interaction was obtained between condition and congruency, F(2, 58) ϭ 0.23; p ϭ .79; p 2 ϭ 0.01. In summary, the facilitation effect was the same in the biological, 90°rotation and 180°rotation conditions (36 ms, 32 ms, and 41 ms, respectively).
Recognition Questionnaire
The results of the recognition questionnaire about the PLD showed a difference according to the type of PLD, F(2, 58) ϭ 7.08; p ϭ .002; p 2 ϭ 0.20. Biological PLDs were better recognize (97%) than the rotated ones (p Ͻ .05 each). However, the recognition rates were similar for 90°(91%) and 180°(88%) rotated PLDs (p ϭ .15).
Discussion
The aim of this second study was to assess whether modifying action orientation can affect the action-language relationship. Two different modifications were applied to the orientation of PLDs: a 90°rotation and a 180°rotation. The results confirmed once again that visual presentation of point-light actions facilitates the processing of congruent action verbs and showed that this effect is robust against changes in orientation. Indeed, the facilitation effect was obtained in every condition.
Thus, contrary to what was expected, it seems that the orientation is not a crucial parameter for the influence of action observation on action verb processing. Indeed, modification of this parameter did not lead to the disappearance of the facilitation effect. One possible explanation could be that participants used systematic mental rotation in our study. In accordance with this interpretation, a recent study showed that observing inverted biological motion activates the left fusiform gyrus (Pavlova et al., 2017) , a region known to be engaged in mental rotation (Tomasino & Gremese, 2016) . Moreover, in our study, this strategy was facilitated because the different conditions were presented in different blocks, that is, all stimuli were presented in the same rotation several times which could have facilitated the recognition of action by participants. The PLDs were also followed by action verbs and participants may have guessed that those actions were depicted in the PLDs. Thus, as a strategy, participants could have mentally rotated the PLDs to recognize the actions. This is in accordance with the level of explicit recognition obtained in our study. In fact, although we found a significant difference between the recognition of biological PLDs and the recognition of PLDs with modified orientation, these last stimuli were recognized in more than 92% of trials, which is a very high level of recognition in comparison with the level of recognition obtained in a previous experiment (Pavlova & Sokolov, 2000) . To more specifically assess whether rotated PLDs implicitly cause mental rotation, we carried out the last experiment (Experiment 4).
Experiment 4: Mental Rotation and Rotated PLD
In Experiment 3, we suggested that our participants could have spontaneously used mental rotation to recognize the actions pictured in the PLD. Typically, in the literature, mental rotation has been demonstrated when participants' response times increase with increasing rotational angles between two depictions. When mental rotation is used, a linear relation between the response time and the rotation angle is observed, that is, the more the participant has to rotate, the longer the mental rotation takes (Corballis & McMaster, 1996; Kosslyn, DiGirolamo, Thompson, & Alpert, 1998) . Thus, we hypothesized that if mental rotation is spontaneously used when people have to recognize rotated PLD, then we should observe different response times according to the rotations of PLD. The more complex the rotation is, the longer the response time should be. In contrast, if mental rotation is not used in the recognition of rotated PLD, then no differences should be observed regardless of the orientations of the PLD.
Method Participants
Thirty French-speaking university students (19 male, 25 righthanded) aged 18 to 26 years (M ϭ 20, SD ϭ 2.71 years) participated in this experiment. They were recruited in exchange for course credit. All participants had normal or corrected-to-normal vision and had no history of motor, perceptual or neurological disorders. Moreover, all participants provided written informed consent prior to their inclusion in the experiment. The participants were also naïve to the purpose of the study.
Primes and Stimuli
Primes: PLD. The 15 actions used in Experiment 3 (orientation modifications) were used. Five different orientations were used: 0°(canonical orientation), 45°rotation, 90°rotation, 135°r otation, and 180°rotation. Once again, these modifications were made using PLAViMoP.
Stimuli: Verbs. Fifteen verbs were used. There were all action verbs corresponding to the action of the PLD (to applaud, to climb, to fall, to get off, to jump, to move back, to pedal, to pick up an object, to push, to put down an object, to run, to scratch, to sweep, to turn, and to walk).
Procedure
Each trial used the following procedure: first, a fixation cross appeared (500 ms); then, a verb appeared (1,500 ms); finally, after another fixation cross (500 ms), the PLD appeared. The PLD could correspond or not to the verbs. The task of the participants was to recognize the PLD, namely, they had to judge, as quickly and accurately as possible, whether the PLD corresponded to the verb previously seen. All types of the PLD (0°, 45°, 90°, 135°and 180°r otations) were presented in the same block. The presentation order of the trials was randomized across participants. Breaks were permitted every 50 trials.
Data Analysis
Response time and accuracy were recorded. Significant differences were examined by ANOVA, with the degree of rotation (0°ϫ 45°ϫ 90°ϫ 135°ϫ 180°) as the within-subject factor, and partial eta-squared values were used to report effect sizes. Paired comparisons were performed using the Newman-Keuls procedure. The significance level was fixed at p Ͻ .05. This document is copyrighted by the American Psychological Association or one of its allied publishers.
ACTION CHARACTERISTICS AFFECTS LANGUAGE PROCESSING
Results
The analyses showed that the response times for correct answers (see Figure 6 ) varied according to the degree of rotation, F(4, 116) ϭ 47.08; p Ͻ .001; p 2 ϭ 0.62. The Newman-Keuls post hoc analyses revealed that the times to respond to the 0°PLD (1160 ms) were significantly shorter than those to the 45°PLD (1242 ms, p Ͻ .001), which were shorter than those to the 90°PLD (1313 ms, p ϭ .002), which were shorter than those to the 135°PLD (1,367 ms, p ϭ .02), which were shorter than those to the 180°PLD (1,440 ms, p ϭ .001). Subsequent polynomial analyses revealed a significant linear increase in the response times with increased rotation angles, F(1, 29) ϭ 153.64; p Ͻ .001.
Discussion
In Experiment 3, we proposed that the orientation of an action is not a crucial parameter in the action-language relationship. Indeed, we suggested that a modification to the orientation could be offset by the use of mental rotation. The aim of this study was to demonstrate that mental rotation is effectively involved when participants perform a task that requires them to recognize rotated PLD. Our results supported this hypothesis. Indeed, a linear relation was observed between the response times of our participants and the degrees of rotation of the PLD, that is, the more the PLD were rotated, the longer the time required to perform the mental rotations. Thus, the response times were also longer.
General Discussion
In a previous study, we demonstrated that perceiving a biological human movement facilitates the subsequent processing of a corresponding action verb: a facilitation effect was found when the action performed by a PLD and the action conveyed by a verb were congruent . We suggested that the activation of sensorimotor representations common to action observation and action language processing could explain this result. The aims of the present study were to replicate this finding and to understand what parameters of an observed action could be responsible of the activation of these sensorimotor representations. In Experiments 1 and 2 (kinematics) and in Experiment 3 (orientation), the facilitation effect was replicated, in that the response times for action verbs were faster when the participants observed prime congruent actions represented by a biological PLD. This facilitation effect was also found in Experiment 3 when the action was performed by a PLD whose orientation had been modified. However, in Experiments 1 and 2, we demonstrated that important modifications to the action kinematics disturbs the usual link between action observation and action verb understanding, as the facilitation effect disappeared.
As the movement was modified, it might be hypothesized that the existence of the facilitation effect was dependent on the recognition of the movement of the PLD. However, even if modified PLDs were recognized slightly less often than biological PLDs, the high recognition rates obtained for both the kinematics-modified and the orientation-modified displays do not support this view and do not explain why the facilitation effect was still present when we modified the orientation but disappeared when we modified the kinematics.
Regarding these results, they are more likely to be related to the fact that kinematics is a crucial parameter to activate sensorimotor representations when an action is observed. This agrees with the idea that sensorimotor representations are involved when an observed action matches the perceiver's motor repertoire (CalvoMerino, Glaser, Grèzes, Passingham, & Haggard, 2005; Martel et al., 2011) . Beardsworth and Buckner (1981) , for example, observed that participants recognized PLDs of themselves more Figure 6 . Mean response times (ms) according to the degree of rotation (0°, 45°, 90°, 135°, and 180°). The error bars indicate the 95% confidence intervals. An asterisk indicates a significant difference (p Ͻ .05). This document is copyrighted by the American Psychological Association or one of its allied publishers.
easily than they recognized PLDs of others. In the same vein, Loula and colleagues (2005) demonstrated that one's own motor action are more easily recognized than the action of others. Casile and Giese (2006) showed that training people to walk differently (with a modification in the phases between contralateral articulations) improved their capacity to detect these movements. All these data align with the idea that sensorimotor activation during action perception is linked to the strength of the sensorimotor experience. Interestingly, this effect of motor repertoire can also play an important role in the processing of action words (Lyons et al., 2010) . Indeed, Lyons and colleagues (2010) found greater activation in the left premotor cortex when experienced ice hockey players analyzed sentences that involved specific hockey actions than when people without ice hockey experience analyzed the same sentences. Thus, the closer a movement is to our motor repertoire, the stronger the link between action and language is. Conversely, we can hypothesize that the more a movement differs from our motor repertoire, the more difficult it should be to activate sensorimotor representations when we process action verbs. This hypothesis is in accordance with the results obtained in Experiment 1 and could explain why the link between action and language was stronger with biological PLD than with a nonbiological PLD. It also explains why a small change in kinematics (constant condition) did not affect this link whereas a large change (inverted condition) did, because the more the kinematics was modified, the more difficult it must have been to activate sensorimotor representations. Interestingly, the results of Experiment 2 indicated that the influence of action observation on language processing is somatotopic. Indeed, when the kinematics of the part of the body mainly involved in the action were preserved, the link between action observation and action-verb processing was preserved, while the link disappeared when the kinematics of this part of the body were modified. Thus, we demonstrated for the first time that the kinematics of an action, and more particularly, the kinematics of the main effector of an action, form a crucial parameter in the activation of sensorimotor representations when an action is observed. However, even though these results should be confirmed in futures studies, they suggest that the activation of action representations is linked to the body part specifically involved in the production of the action.
Concerning the results obtained in Experiment 3, however, it is unlikely that our participants had motor experiences of walking or jumping upside down. However, as explained earlier, we proposed that the facilitation effect observed with orientation-modified PLDs could be related to the use of mental rotation. The results of Experiment 4 supported this assumption by demonstrating that mental rotation was effectively involved when a task required the recognition of rotated PLD. Thus, a modification to the orientation would not disturb the action-language relationship since it would be compensated by mental rotation. In this case, even if it would require more time, the activation of sensorimotor representations would still be possible, especially because the pattern of kinematics remained the same regardless of display orientation. Consequently, the results obtained in Experiment 3 confirm that maintaining biological kinematics is what is truly important to produce the action-language relationship. Globally, these results confirm the idea that the familiarity of the kinematics is a more important factor than the familiarity of the orientation in action processing (Shipley, 2003) . Interestingly, the effect was obtained even if participants mostly reported not having noticed the difference between kinematicsmodified displays and biological displays. Therefore, it seems that the modulation of the influence of action observation on language processing is related to implicit mechanisms and does not wholly rely on explicit recognition of the action. Perhaps this explicit recognition is necessary, but regardless, it is not sufficient to enable the action-language relationship. This view is in accordance with several experiments showing that kinematic analysis is implicit Kandel, Orliaguet, & Viviani, 2000; Méary, Chary, Palluel-Germain, & Orliaguet, 2005) and is also in line with brain activation experiments (Willems, Toni, Hagoort, & Casasanto, 2010) . Indeed, in their study, Willems and collaborators asked their participants to perform a lexical-decision task with action verbs (implicit process) or to actively imagine performing the actions of the verbs (explicit process). The response patterns obtained in premotor cortex showed that implicit motor simulation during language processing and explicit motor imagery do not engage the same neural substrates. This suggests that the link between action and language is supported by implicit activation of common motor representations Bidet-Ildei & Toussaint, 2015; Zwaan, Taylor, & de Boer, 2010) .
In summary, the results of our study confirm that observation of point-light human actions can modulate action verb processing, and that this effect is likely related to the activation of common sensorimotor representations . Interestingly, we show for the first time that biological kinematics, a key signature of human movements (Johansson, 1973) , has a crucial role in the relationship between action and the processing of action verbs. It remains to be determined what mechanisms are at the origin of the decrease in the action-language relationship when the kinematics is nonbiological. It could be hypothesized that this decrease relies on inhibition of sensorimotor representations or on modulation of their activation. We consider the second hypothesis more likely: the diminished action-language relationship is related to a weaker degree of activation of sensorimotor representations when the kinematics is nonbiological. Indeed, previous studies have shown that language does not mandatorily trigger activity in the motor regions, and some experiments have shown that sensorimotor activation during language are flexible (Aravena et al., 2012; Bidet-Ildei et al., 2016) . Similar results were found in an fMRI study (van Dam et al., 2012) showing that motor structure recruitment during language hinges on specific conditions, such as the context of the sentence. Thus, these studies provided evidence that language does not trigger mandatorily activity in the motor regions, and that specific parameters of the sentence are able to modulate the activation of sensorimotor representations. In the same manner, we demonstrate here that specific properties of an action, particularly its kinematics, can also modulate the link between action and language, probably by decreasing the activation of sensorimotor representations during action observation. Brain activation studies should be conducted to confirm this explanation. Further research on other parameters of movement would also be necessary to continue to better understand the action-language relationship. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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